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INTERFERENCE EFFECTS AT MACH 1.9 ON A HORIZONTAL
TAIL DUE TO TRAILING SHOCK WAVES FROM AN
AXISYMMETRIC BODY WITH AN EXITING JET
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The normael force and pitching moment of a rectangular tail surface
at Mach 1.9 were measured to determine the interference effects due to
trailing shock waves from an axisymmetric body with a jet exiting from
a sonlc nozzle in the base. The data were obtained at various jet pres-
sure ratios and locations 6f° the’tailwith® Tespect to the body, In ad-
dition, the effects of thé tail shock waves on tpe body'base pressures ‘
were obtalned. SIPI - o

The results indicated that large vdriatidns in the tail normal
force resulted from changes in the locetion at vhich the shock waves
impinged on the tall when the Jet pressure ratio was high and the shock
waves relatively strong. Equally large changes in the normal force..
resulted from changes in the shock strength due to increasing the “jet
pressure ratio when the shock waves intercepted a large percentage of ‘
the tall area. Increasing the height of the tail Treduced the shock L
interference effects only for the highest position of the range investi-
gated. The afterbody base pressures were significantly increased when
the oblique shock waves from the tail leading edge were in the vicinity
of the base. s

"INTRODUCTION

ST Eaay ZEIvTla

In locating a horizontal tail surface on a supersonic airplane,- 1t
is necessary to consider the interference efTezbE of trailing shock waves
from other parts of the airplane. Undesirable changes in the_airplane
stability and excessive control loads can result from shock- inducea forces
on the horizontal tail. In reference 1, large jet- induced effects -on the
longitudinal trim g - free-fli@ht”ﬁoael at Maéh ‘humbérs Between 1.2 and
1.8 are reported. In a study of the actual pressure field on_a flat.
plate due’ to & tralling SHoEk wa¥e Prdm-a circular body (ref. 2), it was
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shown that large variations 1n the surface pressures with severe gradi-
ents occurred even for relatively large distances between the origin of

the shock wave and the flat plate.

In most cases, the shock waves most likely to interfere with the
tail are those trailling behind a fuselage or nacelle. The relative lo-
cation of the tralling shock waves with respect to the body can vary
considerably with the flight Mach number, the airplane attitude, and the
jet pressure ratio (if there is a jet exiting from the base of the body).

In order to determine the magnitude and the nature of the shock-
wave interference problem for the case of a horizontal tail and an axi-
symmetric body, an experimental investigation was conducted at the NACA
Lewis laboratory in the 18- by 18-inch Mach 1.9 tunnel to measure the
normal force and the moment of a rectangular horizontal tail located at
various positions behind a body with a jet exiting from a sonic nozzle

in the base.

SYMBOLS

The followlng symbols are used in this report:

Ca pltching-moment coefficient, m/dSc

CN normal-force coeffiéient, N/qs

CP pressure coefficient, (p - po)/d

c tail chord

Mb free-stream Mach number

m pitching moment

N normal force

P total pressure

D static pressure

q dynamic pressure, TPOMS/Q )

S tail area

8 distance from tail trailing edge to any point along tail chord, in.
b ¢ distance from fuselage base, positive in downstream direction, in.
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v distance from fuselage centerline, in.

Y ‘ ratio of specific heats of air
Subscripts:

b base

J Jet

8 shock vértex intercept point
t tall leading edge

0 free-stream conditions

APPARATUS AND TESTS

The geometric characteristics of the tall and the fuselage are shown
in figure 1. The tail was made from mild steel and soldered to the
strain-gage sting support. The fuselage was supported in the tunnel by
a vertical strut which also formed the passage for the air to a conver-
gent nozzle in the base. An internal rske in the fuselage was used to
measure the total pressure of the Jet. A photograph of the fuselage
and tail in the tunnel is shown in figure 2.

- The tests were made in the 18- by 18-inch Mach 1.9 wind tunnel,
which exhausts heated and dried atmospheric air and has a normal oper-
ating Reynolds number of about 3.38%x106 per foot. A dew point of -5°
or less and a tunnel total temperature of 150° F was maintained to pre-
vent condensation effects. The strain-gage readings for the normal force
and the pltching moment were recorded in addition to the fuselage base
pressures and the usual tunnel operating conditions. Surveys were made
for nominal jet pressure ratios Pj/fo ranging from jet-off to about 11

at various tall heights and horizontal_positions with the tail at zero
angle of attack. A few tall positions were investigated with the jJet
pressure ratio set at 16.

A thermocouple which was mounted to the straln-gage body indicated
an effect of temperature on the strain-gage readings. The temperature
effects were minimized, however, by allowing the gages to reach an
equilibrium temperature before the data were recorded. The no-load
strain-gage readings were also obtained at the operating temperature by
rapidly closing the tunnel upstream valve and recording the wind-off
readings before an appreciable amount of cooling had occurred. The over-
all accuracy of the normal-force coefficient varied with the tail load
and was estimated to be of the order of 0.0l at the largest values of
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CN Thig inecluded the effects .of.temperature, the.-sensitivity of the
strain-gage system used, and the tail bending due to load. The corre-
sponding.accuracy in the pitching-moment -coefficient, which also de-
cregased with increasing CN’ was of the order of 0.02 at the maximum

value of CN measured. AR

The loads resulting from interference effects on the tailidue toi
the support shroud and from pressures on the support sting were not
measured. From numerous schlieren photographs and observations of the
schlieren during the tests, it was concluded that the interference
effects of the shroud on the loadlng.of:the:tailsweretvéry small rela-
tive to the test accuracy.and were probably nonexistent. For all
cases, the normal shock due to the support shroud-was:atsthé'shroud
inlet. The shroud probably acted as a normal-shock inlet because of
leakage of air from the sides of the shroud:i-Thecboundary-layer on -
the sting ahead of the shroud did not appear to be separated or adverse-
ly affected by the shock at the shroud. Pressure differences above and
below the sting within thershroud should.beinegligibly small because of
the low air velocities within the shroud.

o i ogdr Ta sairsiwsiestado ouitsuol il
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,RESULTS AND, DISCUSSIQN**qUH Foe Eocmenlioa b
L osmrzzed 2dT Deviok crls ol Fuwdo oot
. Trailing-ehock-wavesrﬁrom a; fusedage-can produce: Variations in the
tail normaleforce~coefficient elther by -a ‘change <dnrthe position of: ..
impingement on the tail or by a: change: in:the shocki:strength. TFor & -

fixed fuselage and tall arrangement, the relative location of the trail-
ing shock wave from the:fuselage varies with:the free~stream Mach num-
ber,,the airplane angle-of-attacky:and- the: jet pressure: ratia (if there
is a Jet exiting. from the~basexof3the fusedage) - Theérstrength of the'-
shock. wave is mainly-a function- of-ithe,free-stream Mach humber and the-
-Jet” pressure -ratio..- Of these: parameters, only;therﬁet “pressure: ratio
was varied in the present 1nvestigation.-~ avel JhEeron va.ux#r“ P

N _,), rr AR .5‘;1)

cencZvibron oot syo ldll‘* beos
oo The effect of the:jetpressure\ratio-on: the positions bfftheltrail-
ing ‘shock waves relative to the fgselage afterbody is. shown in figure: 5
These shqck“positions were measured from sc ierep pgotograpns.T,Ehe
fuselage afterbody had ‘a ‘blunt base with & ratio of_jet.to base... ...
diameter of 0.714. With the jet off and at low jet pressure ratios, the
sudden turning of the stream flow around the .coruer, of:, the -bage resulted
inan expansion*region just ahead of the first)traylingﬂehock wave., When
the- jet‘pressure ratio was 1ncreased ﬁhecincreasedrexpanaion of the Jet
from the sonic nozzle‘moved the first shock vave forwardrand reduqed
free-stream expansion‘around’fhe corner” :The.second,tralling shock»wave,
which originated from the normal phock.in the de$“s$ream, moved further
downstream with increaeing jet pressure.A‘Ihe ech;ieren.phq$ographs indi—
" cate that the floy area %etween the,first and secpnd shocg:waves was .

— e o T

fairly'uniform B P S S .
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In the present cése’ 8 convErgent exit “nozzle was useds.,For other

" nozzle typés,-such as convergEnt—divergent nozzles, and a similar~after-

trailing shock wave.ff‘

body, the pbsition -of “the first shock wave,would'correlate,more closely

.....

to the- positionS‘for the sonic*ﬁozile at equal jet—exit static—pressure

- ratios. - The -rdtio ‘of nHézzle ‘dismeter to base diameter goulqjalso,infdu—

»»»»»»

ence the manner‘in\which<the’jet‘pressuré’ratio affects the strength and
position of the'trailing shock wave., The schlieren photographs Andicate
that the interaction of the oblique-shock wave from the tail 1eading
edge did not cause a measurable change in the positlon pfrthe fuselage

N
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The measured interference'effects resul%ingﬂfrom the intersection
of ‘the.trailing®shock' waves with’ the tail surface also" 1nclude the .ef-

.Pects of: the flow field behind"t ne* shock wave._ The floynfield between

,,,,,,,,,

the first and &econd:’ “shock’ “waves' is;dependent on the)jetlshapetand varies,
therefore, -with jet’ pressure ratfo. “To~ gen al, the flow field reduces
the pressures downstréam“of “thé’ shock wave. A8 “the shock strength (pres—
sure rise across“the’ shock“wave)‘fncreases with jetypressureiratio, the
expansion "effedt ‘of thé F£low field behind-the shock waye also increases.
The net resulty ‘however " “is“an over—all‘increase in “the pressures on-the
tall surface—affected‘by'the shock wave. ' In this sense, the Jet pres-.

sure ratio can be used as an indication of the shock strength.

. The variation’ of" the t&11° normal-force coefficient CN With the-
longltudinal position of 'the” tail leading edge relatiye to the. body Kt
is presented in' figurei4- for” various jet pressure ratios and tail o
heights. :The position of the shock‘intercept as determined from figure
3 1s Indicated by-the dine on “the' x—axes labeled xs. HFigure 4 indicates

that for & given value of -y' the: variations in the normal-force coeffi-
cient for various Jet pressure'ratios are simiIar in the region of . ~=Xy»

"t—n(

which is generally tEe flog region ahead of the trailing shockcwaves;‘i

through- the qet—pressure ratio(range. Ce ecmzenns AL wrEoan T

‘whereas in the vicinity of is thel CN variations~differ considerably

e s SroE

A typical example of‘th variation of the tailrnormal force with the
position-of the' tall Yelative to the trailing shock wave iS»ShOWD in -
figure 5 for a tail height of 2.86 inches. The.letters A and B denote
the tail positions where the trailing dge is just ahead.of-the first
shock wave and where' the*leading edge s just behind the first shock wave,

-respectivelyic The’ second trailing shock“Wave was at a distance far-,w‘.

enough from the Pirst'Bhock wave sof “that it did not intersect the tail.

as it was moved 'from- A’ “to’ B.' A large increase in. the normal—force-
coefficlent occurred-as the tail*was moVed through the shock vave from -
A to B. The shock wave probably influenced the pressures on the tail
lower surface in’ g mannér similar- to that shown in reference 2, which
indicates that the’ pressure rise on the sdrface of a flat plate due to .
shock impingement is" ‘chardcoterized by a steep highfpressure peak near ...
the point of intersection. The maximim “valie of CN' ‘occurred before the
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tail was completely behind the first shock wave. The decrease in Cpy

from the maximum value to the value at point B may have resulted from
the loss of the high pressure peak from the tail lower surface when the
shock wave emerged ahead of the tail leading edge. A slight decrease
in Cy also occurred as the tall first entered the trailing shock wave.
It is believed that this decline resulted from a decrease in the effec-
tive angle of attack at the tall leading edge due to the angularity of
the free stream ahead of the shock wave.

The tail normal-force coefficient is shown as a function of the
shock-position parameter s/c in figure 6 for various tail heights and
at a constant jet pressure ratio of 11.1. Because the shock position
was constant, it was necessary to move the tail in order to vary s/c.
Some variation in the normal force can result, therefore, from the effect
of a nonuniform flow fleld ahead of the shock wave. The magnitude of
this effect will be discussed later in this section; and, as will be
shown, the effect was small as far as the data in figure 6 are concerned.
The .increase in Cy with s/c was large for this pressure ratio, being
of the order of a 6° tail angle-of-attack change. The effect of s/c
was somewhat smaller at the highest tail positions tested. For a tall
height of 2.86 inches, the effect of s/c was relatively small up to

about the midchord point.

As previously pointed out, en expansion region occurred ahead of
the first shock wave at low jet pressure ratios. Movement of the tail
leading edge through the expansion region can cause varistions in the
tail normal force which may be greater than those due to shock impinge-
ment. At high jet pressure ratios, the expansion region is diminished
and the effect on the normal force may be relatively small. In figure
7, the normal-force coefficient is presented as a function of the Jet
pressure ratio for various values of s/c. At s/c = 0, the tail is
completely ahead of the first shock wave; and as the pressure ratio is
increased, it is necessary to move the tail forward as the shock wave
moves forward. An increase in CN of about 0.024 occurred between Jet

off and a Jet pressure ratio of 4.5. Further increase in the jet pres-
sure ratio to a value of 11.1 then resulted in a decrease in the value

of CN of about 0.014.

This variation in the Cy curve can be explained by an examination

of the flow angularity at a constant value of y. Expansion of the free-
stream flow around the initial boattaill break results in a region of
increasing downwash. Compression along the boattail reduces the down-
wash to the point where the expansion around the corner of the base at
low jet pressure ratios again increases the downwash Just ahead of the
first trailing shock wave. When the tail position is maintained Jjust
ahead of the first shock wave (s/c = 0), it must be moved forward when
the Jet pressure ratio is increased. The sudden expansion around the
boattall break induces & download on the tail which is at a maximum with

3862
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the jet off. Increasing the jet pressure ratio reduces the expansion
around the base, and the normal-force coefficlent increases. When the
expansion is completely eliminated, the tail is influenced mainly by
the flow over the boattail, which tends to increase the download on the
tall vhen it is moved forward.

From figure 7 it can be seen that at low jet pressure ratios the
downforce -Cy increases as s/c is increased. This emphasizes the

fact that at low jet pressure ratios the effects of shock impingment

are small and are overshadowed by the effects of moving the tail so that
1t is influenced by the expansion ahead of the shock wave. At high Jet
pressure ratios it is evident that the effects of shock impingment
predominate.

The combined effects of increased shock strength and forward move-
ment of the shock wave on the tail lower surface are shown in figure 8
along with the corresponding curve for a constant high jet pressure ratio.
Figure 8 also shows that at low values of s/c the shock strength has
relatively small effect on the normal force. :

The effects of s/c may vary with the tail plan form. In the
present case, & rectangular tail was empldyed. For a sweptback tail,
the effects of shock movement may be more severe, because the swept-
back plan form conforms more closely to the parabolic line of inter-
section of the trailing shock wave on a horizontal surface (ref. 2).
Conversely, a sweptforward tail may exhibit smaller effects of the
shock movement.

Tail Iocation

The effects of jet pressure ratio on the normal-force coefficient
for various horizontal and vertical positions of the tail are shown in
figure 9.. For a given vertical position (constant y) it can be seen
that, as the distance of the taill leading edge downstream of the base -
xt 18 increased beyond a certain point, the variation of Cyi with jet
pressure ratio becomes large. In most cases, however, the total change
of Cy with Jet pressure ratio remains small (less than 0.03, which
corresponds to an effective tail angle-of-attack change of about 1°) until
a Jjet pressure ratio of about 4.5 is reached. If an arbitrary limit of
0.03 is placed on the variation of the normal-force coefficient, a region
where the incremental change in the normal-~force coefficient CN does

not vary more than 0.03 with Jet pressure ratio for the range from Jet
off to 4.5 can be defined. This is shown in figure 10, which also indi-
cates the relative locations of the first and second trailing shock
waves at a Jet pressure ratio of 4.5. The area in which the variation
of the normal-force coefficient would be greater than the specified
limit parallels the trailing shock waves as would be expected. It can
be seen that the area is greater nearer the Jjet centerline.
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The tests were made for a case where the‘fuselagﬂJ ,-at zero -angle;,
of attack.’“Sinck there would be, some mpvement,of Fhe Telative, shock,. i\
position‘%ith angl”'f”attack,,the ac}uagorqstrictedLarea,ﬁor sthis, Mach,
number %ould‘probably'be somevhat Greater, .. cipryiod adt gero woll o
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guré 11 shoWS the variation ‘of the tail pitching moment with xt

corresponding normal foré values? These data” eiifésénpé' nly to ,:j
indicate “the-ordér of- magnftude “of “the" possibie variations in’ the pitcp—
ing moment.

Tl
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~:Sfrice” the~accuracy~of‘the"jc data fé‘df the order of”duOZ at the ..

highest‘valueé of CN measured, the detailed variatron qf the+ Qninl3”_
curves may;not be of\practdcal.importance,,but ‘the trend5~should,be e
applicable. i reiwme et e saatve Lisom - ol
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ﬂailrShock—Wave.Efiects.on Base Pressure, R iﬁ SR
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The effect of ;he trailingiqhock wame from;tne lowerysurface of-thep;
tail on the base‘pressure of. the,;uselage:is shown:in\fdgureflz. wMoat.u,
of the data were obtained.fromaan orifice-1ocatedJatltheubottom.Df the: .
base. Additional base taps added later in the tests indicated. that.the .-

circumferential base pressure distribution was fairly uniform.

Significant increases 1n the. base.pressure coefficlent were evident,

especially for the higher tail positions. With the Jet on, the maximum

cepted the body'at a. point justrghead oflthe+base,pwhereas for jet Off;
it occurred when “the shock was, slightly downstream:ofthe: base:” The tail.™
position. at which the shock -wave. intercepts the.topiedge-of the-base-is:@  ii
also indicated in f’igu.rerlzwC The Jdarger effect -for the higherctail. -
positions is attributed to a stronger shock wave. from . the ~lower surface .,
of the' tail due_to a decrease in'the downwash angle as. ¢y is, inoreased. P
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Tests at’Mach*l 916f a rectangular tail face‘béhind a circular
body with a°; et;exatrng from”the—base indicated “that - oEd e S
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1. When:the" trailing shockvwaveefrom'the‘fuselage intersected thej
tail surface; large variations ih the tall normal “force’ resulted from
movement of-the shock’ wave-relative o ‘the" tail“for high jet pressure' L
ratlios and from~changes 17 shodk strength'due to- increasing the jet
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pressure ratio when a large area of the tail was intercepted by the
shock waves.

2. The effects of the shock-wave interference diminished only at the
highest tail position in the range tested.

3. The trailing shock waves from the tail leading edge induced
significant increases in the base pressures on the body when the shock
wave was near the base. )

Lewis Flight Propulsion laboratory
Natlional Advisory Committee for Aeronautics
Cleveland, Ohio, October 19, 1955

REFERENCES
1. Peck, Robert F.: Jet Effects on Longitudingl Trim of an Airplane
Configuration Measured at Mach Numbers Between 1.2 and 1.8. NACA
RM I54J29a, 1955.
2. Bressette, Walter E.: Investigation of the Jet Effects on a Flat

Surface Downstream of the Exit of a Simulated Turbojet Nacelle
at a Free-Stream Mach Number of 2.02. NACA RM IS4EQ5a, 1954.




3882

0T

:
&
&
g
&



CH~2- back

Tell

2962

Flgure 2. - Model in the 15- by 18-inch Mech 1.9 wind tunnel.
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